Journal of Educational Technology Development and Exchange
(JETDE)
Volume 15

Issue 1

6-30-2022

Measuring Creativity in the Fermi Problem, a Type of
Mathematical Modelling, Applying Information Theory
Hidemichi Okamoto
University of Education Karlsruhe, hidemichiokamoto@gmail.com

Follow this and additional works at: https://aquila.usm.edu/jetde
Part of the Computer Engineering Commons, Educational Assessment, Evaluation, and Research
Commons, Educational Psychology Commons, Science and Mathematics Education Commons,
Secondary Education Commons, and the Theory, Knowledge and Science Commons

Recommended Citation
Okamoto, Hidemichi (2022) "Measuring Creativity in the Fermi Problem, a Type of Mathematical
Modelling, Applying Information Theory," Journal of Educational Technology Development and Exchange
(JETDE): Vol. 15: Iss. 1, Article 2.
DOI: 10.18785/jetde.1501.02
Available at: https://aquila.usm.edu/jetde/vol15/iss1/2

This Article is brought to you for free and open access by The Aquila Digital Community. It has been accepted for
inclusion in Journal of Educational Technology Development and Exchange (JETDE) by an authorized editor of The
Aquila Digital Community. For more information, please contact Joshua.Cromwell@usm.edu.

Measuring Creativity in the Fermi Problem, a Type of Mathematical Modelling,
Applying Information Theory
Acknowledgements
I would like to thank the school that cooperated with me to conduct my present study, as well as the
researchers who advised me on the study. In addition, I would like to express my gratitude to the
reviewers who spent their time and energy reviewing my paper.

This article is available in Journal of Educational Technology Development and Exchange (JETDE):
https://aquila.usm.edu/jetde/vol15/iss1/2

Okamoto, H. (2022). Measuring Creativity in the Fermi Problem, a Type of Mathematical Modelling,
Applying Information Theory.
Journal of Educational Technology Development and Exchange, 15(1), 9-18

Measuring Creativity in the Fermi Problem, a Type of
Mathematical Modelling, Applying Information Theory

Hidemichi Okamoto
University of Education Karlsruhe, Germany

Abstract: Many methods of measuring creativity have been studied - mainly in psychology.
In recent years, there have been attempts to incorporate such creativity into mathematical
modelling, a topic handled in mathematics education. Accordingly, some studies have been trying
to assess creativity in it. However, there have been no clear criteria or formulas that can be used
for any problem, since a rubric has been created for each problem and evaluated individually. In
the present study, to measure creativity in the Fermi problem, a type of mathematical modelling,
a formula that applies information theory used in information science is proposed and examined
using Structural Equation Modeling (SEM). A survey of Japanese junior high school students
(n = 364) was conducted and analyzed, and the results show that the model using the formula
proposed in the present study is a good fit. In addition, a moderate positive correlation (r = .41,
p < .01 ) is found between creativity in the Fermi problem and creativity in psychology measured
by the Test for Creative Thinking-Drawing Production (TCT-DP).
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1. Introduction
In recent years, much attention is paid
to creativity in many fields, including
economics, engineering, education, and so
on (Piirto, 2011; The European Commission,
2019). Considered one of the necessities in
technological advancement and scientific
innovation, it has been measured and
visualized. For example, many methods of
measuring creativity have been studied in the
field of psychology (Guilford & Christensen,
1954; Torrance,1962; Urban & Jellen 2010).
Additionally, in mathematics education, there
have been attempts to examine the relationship
between mathematical modelling, that is the
process of translation between the real world
and mathematics in both directions (Blum
& Borromeo Ferri, 2009), and creativity.
Furthermore, it has tried to assess creativity
in mathematical modelling (Wessels, 2014;
Lu & Kaiser, 2021). However, most of those
studies create rubrics for each question or
category for the ideas respondents answer
(Mann, 2005; Wessels, 2014; Lu & Kaiser,
2021). The creation of rubrics and categories
often depends on the idea of the problem
creator, making it difficult to apply to other
problems. If there were evaluation methods
and indicators that could be easily adapted to
any problem, it would reduce the burden of
creating problem-specific evaluation criteria.
It is also presumed that it would be easier to
categorize the character of the problem and
consider the difficulty level of the problem.
In addition, if creativity can be measured not
only by creativity tests such as those used in
psychology, but also by using problems that
are easy to handle in school classes, teachers
and students may become more aware of
creativity.
Hence, this paper proposes a formula that
applies the concept of self-information content
in information theory to measure the creativity
10

in the Fermi problem, a type of mathematical
modelling. The proposed formula is then
examined using Structural Equation Modeling
to determine if it is appropriate.
2. Review of Literature
In this section, prior research on creativity,
mathematical modelling, the Fermi problem,
and information theory relevant to the present
study is shown.
2.1. Creativity
Previous studies have expressed various
definitions of creativity. Treffinger (2011)
collected ample literature with definitions of
creativity up to 2011. There, he collected more
than 100 references, which discuss creativity
from different perspectives. As a result, there
were diverse ways of perceiving creativity.
For example, Guilford and Christensen
(1954), pioneers in creativity research,
hypothesized that creativity is composed
of several factors. It was hypothesized that
creativity seems to have the following factors:
sensitivity to problem, fluency, flexibility,
originality, penetration, analysis, synthesis,
and redefinition. Tests were created to measure
each of these factors. Similarly, several
studies have taken the position that creativity
consists of several factors and created tests
to measure each of these factors. These tests
defined “fluency” as the number of ideas per
problem, and “flexibility” as the number of
categories of those ideas. They also measured
“originality” by giving scores according to the
rate of occurrence (Guilford, 1959; Torrance,
1962; Kim, 2006).
On the other hand, Urban and Jellen (2010)
viewed creativity as a “whole” rather than on a
factor-by-factor basis. In other words, instead
of capturing creativity by breaking it down
into factors, they viewed it as one creativity.
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For this reason, the Test for Creative ThinkingDrawing Production (TCT-DP) was made by
them, which is a test for measuring creativity
by creating 14 items to give scores. The total
score was then used as an index of creativity.

problems based on a large body of literature.
Then, the Fermi problem was classified as a
creative thinking problem. The above leads us
to assume that creativity in the Fermi problem
is worth considering.

As mentioned above, there are different
ways to view creativity in the measurement of
creativity and it is widely discussed.

2.3. Information Theory

2.2. Fermi Problem
The Fermi problem comes from the
physicist Enrico Fermi. He is said to have
posed a typical Fermi problem to students at
the University of Chicago: “How many piano
tuners are there in the city of Chicago?” This
is used in schools as a type of mathematical
modelling (Peter-Koop, 2005; Ärlebäck, 2009;
Greefrath & Frenken, 2021). So far several
studies have examined the link between
mathematical modelling and creativity
(Wessels, 2014; Lu & Kaiser, 2021). Wessels
(2014) defines creativity in mathematical
modelling in terms of four elements, which
are fluency, flexibility, novelty, and usefulness.
It was stated that a “framework with four
criteria for the identification of creativity
was successfully used to evaluate levels
of creativity in the solutions to the MEAs
(model-eliciting activities)” (Wessels, 2014,
pp. 1). Lu and Kaiser (2021) also stated the
connection between mathematical modelling
competencies and creativity. They defined
the three elements of creativity, which are
usefulness, fluency, and originality, in the
modelling cycle. They suggested that when
assessing modelling competencies, it is better
to include the perspective of Usefulness.
In both studies, rubrics were created and
evaluated for each problem. Additionally,
Fermi problems are said to require fluency in
creativity and to encourage creative thinking
(Silver,1997; Goel & Singh, 1998). Moreover,
Marcus (2016) categorized open-ended
Volume 15, Issue 1, June, 2022

“Information Theory” was developed
by Shannon (1948) and Weaver (1949), who
views any sending and receiving of voice,
images, text, and so on as communication
of information. This theory influences many
fields, including modern information science.
It was considered different types of data and
information in terms of a single measurement:
the amount of information. It is called
self-information and is defined as follows
(Shannon, 1948; Weaver, 1949; Jones, 1979):
Let S be a system for events E1, E2, ..., En. in
which P(Ek) = pk with 0 ≤ pk ≤ 1 and
p₁ + p₂ +…+ pn = 1
The self-information for event Ek is written as
I(Ek) and is defined by
I(Ek) = - log2 pk

(1)

This means that it is defined in such
a way that what is less likely to occur
probabilistically has higher information
content. The probability of an event occurring
100% of the time is p k = 1. Events that
are known to occur with certainty can be
considered self-evident phenomena and are
viewed as having no value because there is no
new information that can be learned. Since the
information has no meaning, self-information
is zero.
Snyder et al. (2004) discussed the
connection between creativity based on
Guilford’s (1959) or Getzels and Jackson’s
(1962) creativity theory and information
theory. Snyder et al. (2004) attempted to
11
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develop a formula for creativity scores based
on information theory and conducted a survey
(N = 25) to examine the formula. The formula
was expressed as follows:
log2 {(1 + u₁) (1 + u₂) ... (1 + un)}

(2)

u n is the total number of ideas in a
category. For example, in the creativity test
used in the study to think about the uses of
paper, the u₁ category is “Surface Marking”
and the u 2 category is “Toy/Game.” One
subject comes up with the ideas “writing”,
“painting”, and “airplane.” Then, “writing”
and “painting” are in the u₁ category and
“airplane” is in the u2 category. Therefore, the
subject’s answer is evaluated as u₁ = 2 and u2 =
1.
In this study, the formula to measure
creativity was defined so that the more
diverse the categories of ideas, the higher the
value of creativity. Moreover, this creativity
measurement requires the creation of a
category for each problem. In addition, it
is difficult to guarantee the validity of the
categorization criteria. It is also difficult to
assess differences in value among categories.
For example, the creativity value of a
respondent who came up with categories A
and B, which are easy to conceive of, and the
creativity value of a respondent who came up
with categories C and D, which are difficult to
think of, are both the same.
3. Research Question
Can creativity in the Fermi problem be
expressed in a formula using information
theory, without recourse to more or less
arbitrary category systems?
4. Method
The purpose of the present study is to
12

propose and examine a formula for measuring
creativity in the Fermi problem with the
application of information theory. Thus, a
survey of creativity in psychology and the
Fermi problem was conducted among junior
high school students in Japan. The results
of the survey were computed using the
proposed formula and existing formula (2).
The results of the calculations were analyzed
and examined for indexes of model fit of the
hypothetical models using lavaan, a package
for structural equation modeling of the
software R.
4.1. Participants
A total of 364 students from a public
junior high school participated in the survey.
Their ages ranged from 12 to 15 years old and
included 195 boys and 169 girls. The academic
performance of the students was about the
same as the national average for annual
academic achievement surveys conducted
throughout Japan. In addition, mathematical
modelling such as the Fermi problem was
not used in school lectures, and students
had little experience with such problems. It
was indicated that the present study required
sample size of at least 100, with an anticipated
effect size of 0.3, desired power of 0.8, 1
latent variable and 4 observed variables, and a
probability level of 0.05 (Sloper, 2015).
4.2. Procedures
The survey was conducted to measure
creativity in the Fermi problem and
creativity dealt within psychology. Three
Fermi problems and the TCT-DP are given
to the participants. All survey questions are
conducted on the same day, for a total of
approximately 40 minutes. The order in which
the surveys are conducted is as follows: first,
the three Fermi problems are conducted. After
that, the TCT-DP is performed.
Volume 15, Issue 1,
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4.3. Test for the survey
Firstly, the Fermi problem is described.
The three Fermi problems conducted are as
follows;
Problem 1: How many liters of water does one
person use in a year?
Problem 2: If you collected all the
smartphones in the world, how many would
there be?
Problem 3: If you collected all the cars in
Japan, how many would there be? Think of as
many ways as you can to find out how many
cars there are. Write down as many ways as
you can to find out how many cars there are,
and write them down in as much detail as you
can, using sentences, formulas, and diagrams.
You do not have to calculate how many cars
there are in Japan.
The present study views creativity in
the Fermi problem as the richness of aspects
of solving a Fermi problem. For example,
in Problem 2, ideas such as “the number
of smartphones a family can have”, “age
groups that own smartphones”, and “wealth
differences by country” are given. Based
on these ideas, the students are asked to
create a mathematical model of how many
smartphones there are in the world, calculate
it, and come up with a single answer. Problem
1 is similarly a problem of generating ideas,
creating a model, performing calculations,
and coming up with a single answer. Problem
3, on the other hand, provides an idea of how
to solve the problem. This problem does not
require calculations, but rather the generation
of a solution. Furthermore, categories of ideas
are created for each problem (see. Appendix).
Secondly, the TCT-DP is described. In
this test, a subject draws additional pictures
on an unfinished drawing and gives it a title.
The picture is then rated on 14 of these items
(Urban & Jellen, 2010). The sum of the scores
Volume 15, Issue 1, June, 2022

for all of these items is used as the creativity
score. TCT-DP has good inter-rater reliability:
a = .81 – .99 for the total score and a ≥ .89 for
test criteria (Urban & Jellen, 1996). Desmet et
al. (2021) studied the validity and usefulness
of the TCT-DP. This study provided evidence
for the utility and divergent validity of the
TCT-DP when used with a Dutch population
(Desmet et al., 2021). This test is scored
according to the manual (Urban & Jellen,
2010).
4.4. Proposal for Mathematical Formula
Formula (2) is computed by categories.
When evaluating the Fermi problem, a type
of mathematical modelling, with the formula
(2), is necessary to create a category for each
problem. In addition, it is difficult to evaluate
the value of each category. Therefore, the
following formula is proposed.
The incidence of ideas for solving the
Fermi problem is defined as P(x1), P(x2),…,
P(xn).
log21/P(x1) + log21/P(x2) +…+ log21/P(xn) (3)
This formula is weighted by an idea. It is
also closer to the definition of the amount of
self-information in information theory than
formula (2). An example is considered with
Fermi problem 1: How many liters of water
does one person use in a year? conducted in
this survey. A subject considers the water one
uses to solve this problem. The subject thinks
of it as “drinking water”, “bathing”, and
“laundry.” The incidence of “drinking water”
is then 90%, the incidence of “bath” is 80%,
and the incidence of “laundry” is 10%. The
result for the subject is calculated as follows.
x1 is “drinking water.” x2 is “bathing.” x3 is
“laundry.”
log21/0.9 + log21/0.8 + log21/0.1
= 0.15… + 0.32… + 3.32…
≈ 3.79
13
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Thus, the subject’s creativity is rated formula (2). Additionally, the ideas in the
at about 3.79. As can be observed from this Fermi problem are classified into seven
calculation, the lower the rate of occurrence of categories.
an idea, the higher the value.
Model 2 is also a model that calculates
the creativity in the Fermi problem using
4.5. Hypothetical model for SEM
the formula (2). Additionally, the ideas in
the Fermi problem are classified into three
Three hypothetical models are presented for
categories.
consideration in SEM.
Model 3 is a model that calculates the
Model 1 is a model that calculates the creativity in the Fermi problem using the
creativity in the Fermi problem using the formula (3) proposed in the present study.
5. Result
Table 1: Fitness Index in SEM for models and Correlation Coefficients
p
χ2
df
CFI
RMSEA
SRMR
AIC
BIC
r

Model 1
.00
.04
2
.93
.12
.04
3808.85
3836.60
.36**

Model 2
.02
8.05
2
.93
.11
.04
6814.49
6842.24
.42**

Model 3
.05
5.86
2
.96
.09
.03
4077.26
4105.01
.41**

*p < .05;.**p < .01

Figure 1. Hypothetical Model 3
Results of the SEM model fit index
show that the best model is Model 3 (see.
Table 1). Firstly, the Chi-Square Test shows a
significant difference in Models 1 and 2, which
was considered unsatisfactory for the model
14

(Joreskog & Surbom, 1996). Secondly, the
model is considered good if the CFI is greater
than 0.95 (West et al. 2012). In other words,
only model 3 was concluded to be a good
model. Thirdly, REMSA is ideally less than
0.05. Values above 0.1 are considered poor,
values between 0.08 and 0.1 are considered
borderline, values in the range of 0.05 to
0.08 are considered acceptable, and values
below 0.05 are considered good (MacCallum
et al, 1996). In this case, Models 1 and 2
were considered poor, while Model 3 was in
the range considered borderline. This result
seems to be possibly due to the low degrees of
freedom of these models. Fourth, the SRMR
Volume 15, Issue 1,
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is also considered excellent for values lower
than 0.05 (Diamantopoulos & Siguaw, 2000).
In this index, all models showed good results.
Therefore, good results were shown for
multiple indexes of model fit in Model 3
using the formulas proposed in the present
study. In addition, a moderate correlation (r
= .41, p < .01) was found between the latent
variable considered as the creativity of the
Fermi problem, consisting of the three Fermi
problem creativity observables created in
Model 3, and the TCT-DP values (Hemphill,
2003).
6. Discussion and Conclusion
The results of the hypothetical model
comparison by SEM showed that the formula
proposed in the present study, which is
weighted by the incidence of each idea, is
better than the previous study’s formula,
which views ideas by category (Snyder et al.,
2004). A major factor in these results seems
to be the difficulty of creating categories and
classifying ideas. For example, in the Fermi
problem 1 category, the categories “Water
used for washing the body” and “Water used
to wash things” are created. However, some
evaluators can assume that these could be
combined into a single category of “things
used to wash” Thus, how the categories are
created depends largely on the evaluator’s
perspective. Therefore, the validity of the
category is difficult to guarantee. In addition,
it is examined whether the model fit is affected
by varying the number of categories by the
hypothetical models 1 and 2. The results of the
analysis show no large differences in model
fit indexes. Hence, it is not necessary to create
categories of ideas to assess the creativity
in the Fermi problem. From a different
perspective, ideas with low incidence can also
be viewed as being far outside of existing
categories. In other words, giving high scores
Volume 15, Issue 1, June, 2022

to ideas with low incidence, ideas that are
not the way most people come up with, is
consequently giving high scores to ideas in a
different category.
A moderate positive correlation was found
between creativity in the Fermi problem and
creativity by TCT-DP. Based on the result, it
is possible to say that creativity in psychology
can be expressed by a mathematical formula
applying the information theory proposed in
the present study as the answer to the research
problem. On the other hand, the evaluation
of creativity in the Fermi problem is highly
dependent on the number of ideas for solving
the Fermi problem. There is no evaluation
given to the correctness or incorrectness of
the computational process performed by the
subjects, or to the mathematical models created
to solve the problem. In other words, the
part of a convergence of ideas, after thinking
divergence, is not evaluated. Creativity has
a divergent and a convergent part (Runco,
2007), and this evaluation method focuses
on the divergence phase of creativity. If the
convergent part is appropriately incorporated
into the proposed formula, it is expected to
show an even higher correlation.
There are several limitations to the
present study. Firstly, the scope of the survey
is rather narrow, as it is conducted in a single
school in Japan with a considerably small
age range. Secondly, the formula proposed
in the present study is weighted according
to the rate of occurrence of ideas, so the
creativity values are likely to be affected by
the characteristics of the sample. For example,
ideas can be biased by country. In Japan, rice
is the staple food of the culture. Therefore,
when considering Fermi problem 1, not a few
subjects considered “water for cooking rice.”
On the other hand, in cultures where rice is not
a staple food, such as in Europe and the United
States, this idea is expected to be less likely to
be generated. Therefore, the same idea would
15
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have a different rate of occurrence in different
groups, and the value of creativity calculated
from the formula is changed. Thirdly, it is
about the investigation of the Fermi problem.
In measuring creativity, solution time and the
order in which problems are solved seems to
be a potential influence. It is not considered
made of the impact of such changes in time or
sequence in the present study.
7. Outlook for the Future
The prospects for reducing the limitations
of the present study are described in this
section. One way to overcome the limitations
is to automate the evaluation of the subjects’
answers and collect larger data sets. This
survey was conducted on a paper basis. If a
program is created to allow subjects to answer
the survey on a computer, the data analysis can
be facilitated. In addition, if a large amount of
data can be collected with a diverse sample,
the probabilities for weighting the ideas that
emerge can be made more accurate. Thus, it
is expected that the accuracy of the proposed
formula can be increased as well. Moreover,
by applying the research of Pla-Castells and
García-Fernández (2020) or Okamoto (2021)
making the whole thinking process visible
in auto, it is possible to evaluate not only the
idea but also the whole thinking process. It
is assumed that this would make it possible
to incorporate variables such as “when the
idea was generated”, “what computational
processes were performed”, and “how many
times the model was modified” into the
formulas proposed in the present study. In the
future, methods that can measure creativity in
the Fermi problem with high accuracy are to
be explored.
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Appendix
1. Fermi problem 1
Categories for Hypothetical Model 1
A: Water used for nutrition
B: Water used for washing the body
C: Water used to wash things
D: Water used in an institution
E: Age group
F: Time, season, and climate
G: Other than categories A through F
Categories for Hypothetical Model 2
A: Water used for humans
B: Water used for objects
C: Other than categories A and B
2. Fermi problem 2
Categories for Hypothetical Model 1
A: Based on the population
B: Based on households
C: Based on age group
D: Based on country
E: Based on location
F: Based on the type of phone.
G: Other than categories A to F
Categories for Hypothetical Model 2
A: Based on a personal smartphone.
B: Based on smartphones owned by other
than individuals
C: Other than categories A and B
3. Fermi problem 3
Categories for Hypothetical Model 1
A: Based on the population
B: Based on households
C: Based on age group
D: Based on survey questions
E: Based on location
F: Based on vehicle type.
G: Other than categories A to F
Categories for Hypothetical Model 2
A: Based on personal vehicle
B: Based on vehicles owned by other than
individuals
C: Other than categories A and B
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